With the pursuit of embracing the circular economy, having upward trend in vehicle sales and environmental concern, sustainability has become an imperative part of the global automotive manufacturing strategies. One of the tactics to achieve this sustainable goal is to conserve and enhance the resource base by salvaging the embedded values from end-of-life product and for which, the remanufacturing can be considered as one of the most prominent epitome. Even though many of the auto parts like engine, transmissions, starters, alternators and etc. have been assessed for remanufacturability since last few decades, being a major component of a car body the catalytic converter (CC) still remains unfocused in literature. However, to examine the remanufacturability of CC, a comprehensive study for assessing its economic, social, and environmental impact is inevitable. Therefore, with an underlying aim of designing the remanufacturable CC, in this endeavour an attempt has been made to evaluate the environmental impact of its welding operations by means of energy consumption through gate-to-gate life cycle assessment. Real life data are collected from a Local Malaysian CC manufacturer. The obtained results show that the welding section has a carbon footprint of 0.203 kgCO2e/unit of CC with major emission coming from the plasma arc welding. In addition to that, it is also observed that the value of carbon footprint is not only sensitive to the emission factor and processing time, but also it is responsive to the nature of the processing operations. Certainly, this observation is to motivate to change the product design from the prospect of remanufacturing.
INTRODUCTION
The unprecedented and reckless usages of the environment by raw materials extractors, manufacturers and consumers, by considering the environment as a source of unlimited resources as well as sink for the discarded endof-life products, have endangered our natural systems by Landfilling, Air and water contamination as well as industrial mishaps [1, 2] . Even nowadays, these problems with landfill have become graver due to the increasing demand of land for habitation along with the waste disposal and generation of methane gas directly from landfills. For instance, in 1996 the Environment Protection Agency (EPA) reported that within less than a decade 17 states of US would reach to their landfill capacity while New York and Massachusetts even need less than 5 years as 80% of America's wastes usually go to landfills [3] . Whereas, discharge of greenhouse gases such as Carbon dioxide (CO2), methane and CFCs into air directly by manufacturing and other human activities is rising in an exponential rate [4] . Meanwhile, the mishaps as reported in Union Carbide in India and Chernobyl in the former U.S.S.R. resulted in casualties and grave environmental impact. As a consequence, the global warming, as evident in the increases in average air and ocean temperatures, widespread melting of ice, and rising global average sea level, has become unequivocal and remains no more as a hypothetical phenomenon.
Owing to this graver catastrophe, for satisfying the needs of mankind and protect our environment, the sustainable development has become an imperative act in the manufacturing sectors [5] . One of the tactics of acquiring this goal of sustainable development is the End of Life (EOL) product recovery and for which, nowadays several options like reuse, recycle and remanufacture are widely adopted [6] . However, among these three strategies, the recycling process involves huge amount of energy consumption while it converts the recyclables into the raw materials. Moreover, the products manufactured through recycling process also lose some of its early added values. Even though, these kinds of deficiencies of recycling processes can possibly be minimized by adopting any of the reusing and remanufacturing processes [7] . But, reusing process does not retain the product features as like new ones, while the remanufacturing processes are envisaged to do so.
As a consequence, by featuring the positive attributes, nowadays a numbers of industries have embraced the remanufacturing epitomes within the manufacturing facilities e.g. automotive, machinery, computers, toner, cartridges, medical industry, wood industry and office furniture etc. [8, 9] . Unfortunately, a large portion of the available products manufactured from these sectors are difficult to remanufacture as most of their designs are focussed on functionality and cost irrespective to the environmental concern [10] . Thereby, many of the researchers believe that the success of this widely adopted remanufacturing practice is largely dependent on the factors like product design, efficient remanufacturing process, demand and condition of returned products [11, 12] .
Nevertheless, among all the manufacturing sectors, the researchers have identified that the automotive sector alone can secure a share of two-thirds of remanufacturing business [13, 14] . Which is also evident in the remanufactured auto parts like engine, transmission, steering gear, starter, generator, turbo charger, alternator, compressor, steering unit and automobile door etc. [15] [16] [17] [18] [19] [20] . Regrettably, the CC having the potential scope of remanufacturing, is still remaining unfocused. However, to examine the remanufacturability of CC and fill this research gap, a comprehensive study for assessing its environmental impact is inevitable. And for which, the LCA process could be one of the best possible approaches.
In literature, according to the Society of Environmental Toxicology and Chemistry (SETAC), the "Life-Cycle Assessment is a process to evaluate the environmental burdens associated with a product, process or activity by identifying and quantifying energy and materials used and wastes released into the environment; to assess the impact of those energy and material uses and releases to the environment; and to identify and evaluate opportunities to affect environmental improvements. The assessment includes the entire life-cycle of the product, process or activity, encompassing extracting and processing raw materials; manufacturing; transportation and distribution; use; re-use; maintenance; recycling, and final disposal" [21] . Even though it is generically believed that LCA should focus on the entire life cycle of a product or process, by featuring the modelling complexities and the scope of studies, the researchers have classified it as Cradle-to-grave, Cradle-to-gate, Cradle-to-cradle, Gate-to-gate and Well-to-wheel etc. [24] . Nevertheless, as best of our knowledge now none of the researchers has attempted to quantify the environmental impact and/or Carbon footprint of the catalytic converter. Hence in this endeavour an attempt has been made to evaluate the environmental impact by means of energy consumption through gate-to-gate life cycles assessment guideline of ISO 14040:2006 and ISO 14044:2006. However, within the scope of this gate-to-gate LCA search, a wide range of transformation and assembly operations are involved in the catalytic converter manufacturing process, the welding section is explicitly considered in this research for quantifying its environmental impact and/or Carbon footprint. Subsequent sections of this paper are arranged as follows: Section 2 presents a literature review on automotive industries in Malaysia, practice of remanufacturing epitome, application of LCA in automotive sector. Section 3 highlights the research method and collected data. The corresponding results and discussions are provided in section 5. Finally, in Section 6, the relevant concluding remarks are made.
2. LITERATURE REVIEW Nowadays, within most of the industrialized countries, due to the depleted natural resources, diminished landfill and incineration capacities as well as the increased level of ecological pollution, the sustainable development has become an undeniable act. As a consequence, the Governments and environmental protection agencies have come up with several stricter environmental legislations and strategies to limit the industrial wastes by imposing the responsibility of waste disposal on the manufacturers. Remanufacturing, being an economical and environmental friendly business paradigm, is deemed to be helpful for the manufacturer in this regard. However, the success of this business epitome is largely dependent on the design of the product and process, and for which the quantification of carbon foot print is very much inevitable. Hence, in line with achieving this research goal, in the following subsection a brief literature review on the automotive sectors and LCA process is summarized.
Automotive Industry in Malaysia
The automotive sector has drawn the significant attention in manufacturing sector of Malaysia since the establishment of its two national car manufacturer named as Perusahaan Otomobil Nasional Berhad (also known as Proton) on May 07, 1983 and Perusahaan Otomobil Kedua Sdn. Bhd. (also known as Perodua) on August 01, 1994. Even though, at the initial stage the market share was only about 50,000 units per year, interestingly in 2013 it was reported that the Perodua and Proton had already shared 51.1% of the Total Industry Volume (TIV) [25] amounting to 655,793 units per year. This development and progression of Malaysia's automotive industry has also made the country a production centre for major automotive component manufacturers. As a consequence, today more than 690 automotive component manufacturers are reported in Malaysia producing different auto parts like body panels, brake parts, engine parts, transmission and steering parts, rubber parts and electrical and electronic parts. With this increase of share in business market, Malaysia's automotive industries have also drawn significant attention of the researchers and policy makers from the prospect of sustainability.
For instance, the government of Malaysia, in National Automotive Policy 2014 (NAP 2014) have expressed their interest and set their goal of making the automotive sector more competitive in comparison to other developed countries from the prospect of 'green'. Interestingly, the remanufacturing sector is also getting priority in Malaysia as the Malaysia Automotive Remanufacturing Roadmaps (MARR) have aimed to transform their used parts industries into the remanufacturing one.
Remanufacturing in Automotive Industry
In the period of 1960 to 2002, the global vehicle ownership has increased to about 573 million from 47.6 million [26] . Consequently, the transportation system is accounted for approximately 40% of the world's total oil consumption and thereby identified as one of the major sources of GHGs emission [27] . This fact makes the sustainable development crucial for the automotive manufacturers. By featuring this rising need, the Governments and environmental legislation authorities not only pushed the manufacturers to follow the green manufacturing practices but also to take back the EOL products. In this regard, remanufacturing, being an environmentally friendly and economically sound approach, is widely adopted in the global automotive sector.
For instance, nowadays in Europe many of the automotive manufacturers like Volkswagen, Audi, Bentley, Bugatti, Lamborghini, SEAT and Skoda have involved themselves in remanufacturing [28] . In China, since 2008, 14 different auto part manufacturers get involved in remanufacturing business [18] . Nevertheless, even though the remanufacturing business gets wider acceptance in the automotive sectors since last century, only a very few types of auto parts e.g. engine, transmission, gear box, alternator, steering gear, starter, generator, front/rear axles, vehicle frame, turbo chargers, compressors, water pumps, fuel delivery and brake systems are remanufactured in contemporary markets. Surprisingly, as best of our knowledge, being a major component of exhaust system, the catalytic converter has not been studied explicitly from this respect. Besides, nowadays the researchers have also widely adopted the PAS 2050 (Publicly Available Specifications), which is proposed by British Standards Institution (BSI) and prepared by following the guidelines of ISO14040 and ISO14044, for evaluating the product or process carbon foot print [29] .
In recent times, LCA process is widely adopted for quantifying the economic, environmental and social impact of the products and processes. [24] . Nevertheless, as best of our knowledge till now the environmental impact of catalytic converter has not explicitly studied by means of LCA approach.
METHODOLOGY AND DATA COLLECTION
In this research the ISO 14040 and ISO 14044 are considered as the guidelines for conducting the gate-to-gate LCA of the welding operations involved in the formation process of catalytic converter. In presence of various welding processes, the carbon footprint is computed by using the following Eq. (1)-(2).
where: P=Power rating of welding operation (KW) t=Processing time (hour) E=Energy consumption of welding operation (KWh) EF= Emission factors for electricity (kg CO₂e/KWh)
Data Collection
In this research, the welding operations involved in the formation process of catalytic converter are considered as the functional units. To collect the relevant data, a detailed time study is conducted in the shop floor of a local catalytic converter manufacturer. Whereas, the standard welding parameters are gathered from the shop floor and verified by comparing with the standard parameter settings of welding operations as presented in the Metals Handbook [30] .
On the basis of the collected data, a process map of the welding operations is presented in the Fig.1 . Since the company classified the entire operations involved in the catalytic converter manufacturing process under four titles i.e. main body assembly, inlet assembly, outlet assembly and final assembly, the welding operations in Fig.1 are also arranged accordingly. As no welding operation is involved in the main body assembly section, the section is excluded intentionally from our process map.
However, the details of each individual process and relevant processing times are presented in Table 1 . In addition to that, for quantifying the carbon footprint, the electricity emission factor for Malaysia is considered in this research as 0.65592 kg CO₂e/kWh [31, 32] . Meanwhile, the standard operating conditions for each of the welding operations are collected, verified and presented in Table 2 . 4. RESULTS AND DISCUSSIONS For the considered real life case study of catalytic converter, the carbon footprint is computed trough the incorporation of the data presented in Table 1 -2 and by using Eq. (1)- (2). The obtained results are summarized in the Table 3 . It can easily be realized that the total energy consumption and carbon footprint of the considered welding processes are 0.30991 KWh which is equivalent to 0.20327 kgCO2e respectively.
Carbon Hotspot
Based on the obtained outputs as presented in Fig. 2 , it is evident that a maximum amount of 0.05594 kgCO2e of carbon footprint is traced by Process 3 while the Process 2 stands for a minimum value of 0.00583 kgCO2e. This finding is further supported by a statistical test result, as shown in Fig. 3 , with 27% of the total emission. Thus the process of assembling the Inlet Branches emits the maximum GHGs, and it can be termed as carbon hotspot. This high emission of the process might be attributable to the specific design requirements and joining methods, power rating as well as the longest processing times. Subsequently the whole design process can be revisited for lowering the CFP impact.
Sensitivity Analysis
Since it is realized that the inclusion or exclusion of certain variables may have a significant impact on the entire carbon footprint value, in this subsection an endeavour has been made to analyse the sensitivity from the perspective of emission factor and processing time.
Sensitivity Analysis from the Perspective of Emission Factor
In this sensitivity analysis an attempt has made to realize the impact of changing the emission factor on the entire carbon footprint value. In this context, the electricity emission factor is changed by ±10% with an increment of ±5% from the original value. For these set of revised emission factors the final carbon footprint values are computed and presented in Table 4 . From Table 4 it can be seen that the CFP is responsive to the emission factor. This finding also reviled the concern of energy generation mix in product manufacturing. In other words it may be possible to reduce the manufacturing carbon footprints by selecting the optimal energy generation mix.
Sensitivity Analysis from the Perspective of Processing Time
To comprehend the impact of variable processing time on the entire carbon footprint value, in this section a sensitivity analysis has been conducted from the perspective of processing times. To do so, the processing time is varied by ±10% with an increment of ±5% from the original value. For these set of revised processing times the final carbon footprint values are computed and presented in Table 5 . The responsiveness of the CFP values to the processing time can easily be comprehended from Table 5 . This responsiveness of the CFP values to the processing time also reviles the necessity of practicing the production planning tools and techniques (i.e. forecasting, work measurement techniques, lot sizing, balancing and scheduling etc.) for embracing the sustainable development in manufacturing shop floors. However, for better realization we extend our sensitivity analysis for two particular welding operations (i.e. P3 and P7) having maximum processing time. The output of this analysis is tabulated in Table 6 .The output illustrated in Table 6 , led us to a very interesting observation that impact of processing time on the CFP values depends also on the nature of operations. To clarify this observation the Fig. 4 is plotted. It is seen that the CFP values have not exhibited any consistent pattern while we compare it with the changes in processing time. Therefore, it can be concluded that the CFP values not only depend on the processing time but also on the process itself. And for which the change in product design to ease the remanufacturing is very much inevitable in reducing the CFP. 
CONCLUSIONS
Today, the call of millions of people as reiterated for a climate agreement is to enshrine this generation's rightful claim for a safe, sustainable, climate-resilient, green and low-carbon future. The call for climate action is not to end in Paris or in Kyoto but it should echo all the way in the whole world. As to ensure the Paris Agreement comes into fruition, participating in efforts by conducting a research in line with this global issue would be a notable contribution. With this view in consideration, this paper carries out the gate-to-gate life cycle assessment (LCA) of the welding operations of catalytic converter assembly. The computed results show that all the welding operations have a carbon footprint of 0.203 kgCO2e for a unit of catalytic converter. Process 3 that assembles the inlet branches by using the plasma arc welding contributes about 27.00% of the total emission and is responsible for the majority of the emission.
This high emission of the process might be attributable to the specific design requirements and joining methods, power rating as well as the processing times. So the whole design as well as the manufacturing process of catalytic converter can be reviewed and assessed with a goal of lowering the CFP impact. Besides, in sensitivity analysis, it is also observed that the emission factor has a direct influence over the CFP and thereby, the usage of optimal energy generation mix may help the authorities in reducing the carbon footprint by incorporating some form of renewable energy sources. Moreover, as CFP has shown responsiveness to the processing time, the production planning tools and techniques are also deemed to be helpful in optimizing the overall process CFP. It is also observed that the nature of operations has a direct influence over the CFP values. So a change in product and process design is expected to enable the organization to reduce their carbon footprint. This study is expected to be conducive to extend the analysis on the carbon footprint of entire catalytic converter by encompassing a comprehensive sensitivity analysis.
